ABSTRACT Over the past decade, airborne digital sensor series linear array scanners, among the most important imaging sensors in photogrammetry practices, have been used around the world to measure and interpret the terrain. They have attracted much interest from researchers in image quality and data processing and application. This paper analyzes the factors affecting the quality of airborne digital sensor images and proposes suggestions for data acquisition and flight plan design. Factors affecting image geometric quality are first analyzed theoretically, including the velocity and attitude variations of aircraft, and terrain elevation changes and slope, and formulas are given to express the quantitative relationship. Then, a real data set is used to verify the theoretical analysis and evaluate the practical influence, and according to the formulas, advice on image data acquisition control and flight plan design is provided, so as to improve image quality and facilitate subsequent works.
I. INTRODUCTION
Airborne digital aerial photogrammetry systems integrated with position and orientation system and linear array charge-coupled device (CCD) sensors have been widely used for geospatial imaging around the world for their noticeable superiority in data acquisition and measuring and interpreting the comprehensive conditions of terrain [1] . An outstanding representative of these system, airborne digital sensor (ADS), designed by Leica Geosystems and German Aerospace Center, has attracted extensive attention in photogrammetry, remote sensing, and related fields since its introduction at the ISPRS Congress in Amsterdam [2] , [3] . In the past 10 years, it has been studied by researchers from various aspects, including the radiometric and geometric properties of image and data processing and application.
Rosso et al. [4] evaluated the radiometric properties of ADS imagery through comparisons with UltracamD and digital mapping camera (DMC) in terms of their applicability to biotope-type mapping in three aspects: the digital number range of each band, the degree of overlap between bands, and the degree of correlation between spectra of different bands. They found that ADS had a lower capacity to resolve small features than frame cameras (UltracamD and DMC), whereas both demonstrated similar potential for automated object recognition. References [5] and [6] did similar analyses of radiometric properties of ADS imagery through comparisons with different types of sensors. From the geometric aspect of ADS image quality, Fricker et al. [7] found that images from ADS had smaller distortion than images acquired through perspective projection imaging due to the differences of imaging principle between the two. The linear pushbroom imaging ensured that each light in ADS was normal case photography, whereas in perspective projection imaging only the light in the primary optical axis was normal case photography. Reference [8] analyzed the accuracy of ADS image direct georeferencing, and found that control points were necessary and helpful in actual bundle adjustment.
There are also many studeis concerning the data processing and application of ADS. Wang and Hu [1] introduced a fast method of object space back projection for ADS images based on the central perspective plane of scanline, which can effectively improve the efficiency of the best scanline searching and guarantee accuracy and reliability at the same time. Zhao and Li [9] discussed the distortion of ADS images and the geometric preprocess algorithm. They proposed that the direct image correction method should be adopted for ADS images acquired under the condition of small variation of altitude, and the direct and indirect methods should be combined for images captured under the condition of severe variation of altitude. Ji et al. [10] proposed a multi view image matching algorithm based on the traditional single-stereo vertical line locus matching algorithm, which had good performance in the matching of repeated textures and occluded areas and was successfully applied to match ADS images.
However, the factors affecting the geometric quality of ADS images were not comprehensively discussed in these studies. Furthermore, they did not discuss the influence of ground height variations, which generally has a significant impact on ADS image quality in practice. Thus, in this paper, we analyze the effects of the flight status of platform and the terrain on ADS image quality and propose recommendations for ADS image acquisition planning and flight control.
II. FACTORS AFFECTING ADS IMAGE QUALITY A. IMPACTS OF FLIGHT
Due to the decisive role of flight on exterior orientation parameters (EOPs), it can be directly analyzed through variations of EOPs. In the following analysis and the experimental sections, we use the ϕ − ω − κ rotation angle system defined by sequential rotations around the Y, X, and Z axes.
Let S(X s , Y s , Z s ) denote the perspective center and (ϕ, ω, κ) refer to the three rotation angles of the airplane. Let f and H denote the focal length and flight height, respectively. Let α denote the angle between the scanning direction and the vertical direction, which is a fixed value for each viewing direction of ADS. For the purpose of facilitating the follow-up data analysis in the experimental sections, we assume that the initial rotation angles are (0, 0, −90 • ) according to the existing data; in other words, the direction of flight is in the Y axis. Then the ADS imaging principle can be described as shown in Fig. 1 .
According to Fig. 1 , the following equation can be obtained:
where H = Z s − Z , and y is the coordinate of the corresponding image point of a ground object whose ground coordinates are (X , Y , Z ) in the direction of the scanline. On the other hand, regardless the variations of EOPs between scanlines on ADS image, the ground object, the corresponding image point and the perspective center of one scanline lie on the same line. This can be described using the instantaneous collinearity equation, which can be expressed as follows: In order to analyze the impacts of flight on image quality, it is necessary to obtain relationships between variations of EOPs (dX s , dY s ,dZ s , dϕ, dω, dκ) and changes of image point coordinates (dx, dy). Given the relationship in (1), partial derivatives of six EOPs are calculated for image point coordinates in the instantaneous collinear equation:
It can be observed that variations of X S will cause the coverage area of image changes along the perpendicular direction of flight, which is also shown in Fig. 2 
(a). Variations of Y S
and Z S will cause missing samples or oversampling in the flight direction (as shown in Fig. 2(b) ) and change of ground sampling distance (GSD) (as shown in Fig. 2 samples or oversampling. As shown in Fig. 2 (f), variations of κ will cause non-parallel changes between scanlines, leading to missing samples and oversampling at the same time, the degrees of which are related to the distance to the center of the scanline. Furthermore, instantaneous jitter of κ will have other serious impacts on image quality, more specifically, missing ground object imaging. As shown in Fig. 3 , both ground objects (A and B) exist on the regular scanning image (left), whereas B disappears on the κ instantaneous jitter image (right) and two As exist at the same time. Obviously, it cannot be eliminated by post-processing and will cause permanent image absence, once this phenomenon occurs.
In general, variations in aircraft flight velocity mainly affect the three line elements of EOP, while variations in attitude mainly affect the three angle elements. Variations of velocity in the direction of flight may result in missing samples and oversampling, whereas variations in the other two directions will cause changes in coverage area and GSD. Furthermore, the influence of variations of angle elements on ADS images is related to the focal length, the angle of view, and the distance between image point and scanline center, and thus is relatively complex. With the development of aircraft flight control, it is easy to control the velocity of the plane, thus reducing variations of line elements as much as possible. In other words, the influence of line elements on imaging and image quality will be relatively small. Also, the use of high-precision inertial measurement units can guarantee the measurement of flight attitude and eliminate most imaging quality changes caused by variations of angle elements through post-processing [8] , [9] , [11] .
B. IMPACTS OF TERRAIN 1) INFLUENCE OF ELEVATION VARIATIONS
In the line-scanning imaging system, the projection type along the direction of flight can be treated as parallel projection, whereas in a single scanline is the perspective projection. Thus, the GSD of ADS images should be calculated through (4) (which can be easily extracted from Fig. 1 ):
where,H denotes the average flight height. It can be seen thatH and GSD are linearly related, that is, n changes inH will cause n changes in GSD. In other words, the GSD of line array images in the direction of flight will change as the distance from the aircraft to the ground changes. Moreover, the flying altitude of aircraft will be maintained the same as much as possible for one flight in practical projects. For these two reasons, the variation of terrain height will affect the scanning coverage area and image quality by the occurrence of a special distortion on the line array image. More specifically, there will be oversampling in places where elevation is lower than average, and missing samples in places 8020 VOLUME 7, 2019 with terrain higher than average. As shown in Fig. 4 , elevation reduction causes overlapping of ground sampling areas, whereas elevation increase causes separation between ground sampling areas.
Furthermore, elevation variations will affect the imaging coverage, especially in mountainous areas. As shown in Fig. 5 , the actual imaging coverage changes intensely along the ridge line and both sides of the ridge.
After taking a deformation of (4), we can get:
In practical projects, it can obtain the appropriate average flight height and reduce the influence of elevation variations on image quality through (5), if the height variation range is known from prior information.
2) INFLUENCE OF SLOPE
As mentioned before, the projection type for a line-scanning imaging system is different for the direction of flight and scanning. This also leads to the fact that deformation on stereoscopic images caused by terrain relief is completely different between line scanning images and perspective VOLUME 7, 2019 FIGURE 6. Illustration of deformation caused by slope on a line scanning stereoscopic image and a perspective projection stereoscopic image.
projection images. Height variations in slope areas will cause changes of image resolution and image coverage area on forward, nadir, and backward view images. Then large deformation will be introduced into the composed stereoscopic images, the disparity of which will be exaggerated. When the slope is too large, it is not possible to conduct stereoscopic observation or image matching. Fig. 6 illustrates the difference of deformation caused by slope between a line scanning stereoscopic image and a perspective projection stereoscopic image. Deformation of the perspective projection stereoscopic image caused by slope is relatively small and can be modeled and corrected using affine transformation. In the line scanning stereoscopic image, if the viewing rays are toward the slope, the slope is imaged normally, but the situation will be different when the viewing rays are nearly parallel to the slope, as in the backward view shown in Fig. 6 . The number of imaging pixels of the same slope region decreases, causing compression of objects on the image. However, this deformation cannot be described by a specific model and cannot be corrected through post-processing. It is necessary to conduct further analysis of the relationship between the deformation and the viewing angle, since the terrain slope is unchangeable.
As shown in Fig. 7 , we assume the slope in a small region can be represented by a line, the angle of which is θ . If we let A, C denote the corresponding ground positions of adjacent scanning pixels, then the length of AB is approximately equal to GSD and AC represents the length of the actual imaging ground. If (α + θ ) ≥ 90 • , the slope cannot be imaged. Thus, if we take an assumption that (α + θ ) < 90 • , then we will obtain:
According to (6) , when α is fixed, the bigger the θ , the larger the AC, that is, the greater the compression of the ground object. Let λ denote the percent of compression, that is, AC = λ · GSD; then it is easy to get:
Equation (7) can be used to calculate the maximum permissible angle of slope, if the maximum percentage of compression that can be tolerated is known.
III. EXPERIMENTS AND ANALYSIS
The dataset used in this paper, located in Tiechanggou, Xinjiang Province, China, was captured by an ADS80 airborne digital aerial photogrammetry system. The landscape of the experimental area is hilly, and the average terrain is 455.244 meters. This dataset contains three strips. The region of the dataset is shown in Fig. 8 , and details are given in Table 1 . 
A. IMPACTS OF VELOCITY AND ATTITUDE VARIATIONS
With the development of flight control technology, aircraft can fly with relatively stable velocity and altitude, leading to small variations in the increment of line element in the direction of flight and the other two line elements. In our dataset, Y s is the line element in the direction of flight, and correspondingly, X s and Z s are in directions perpendicular to flight. Fig. 9 illustrates the flight speed in the directions of the X, Y, and Z axes for part of one flight orbit in the experimental dataset. It is easy to see that velocity in directions of the X and Z axes is below 0.12 meters per second (m/s) and the fluctuation range is less than 0.05 m/s.
According to the records of positioning and orientation systems, distances between adjacent scanlines, namely the increment of Y s , vary from 0.118 to 0.121 meters and 0.236 to 0.241 meters in the nadir view and the backward and forward views, respectively. Using (4), we can obtain GSD of 0.203, 0.210, and 0.231 meters for the nadir, backward, and forward views, respectively. In the ADS80 imaging system, the nadir view has two scanlines, thus variations in the increment of Y s will not cause missing samples in the nadir view. Moreover, the increment of Y s in the backward and forward views is a little bigger than the calculated GSD, which means missing samples caused by variations in the increment of Y s in the two views can be ignored. The range of Z s in this dataset is from 2411.972 to 2418.867 meters, and it will produce a maximum of 0.0008 meter changes of GSD (in the forward view), which is too small to cause obvious distraction on the image. Fig. 10(a) illustrates the influence of variations of X s . As we can see, edges of buildings are twisted along the direction of flight due to the changes of coverage area in the perpendicular direction of flight between scanlines. As shown in Fig. 10(b) , this distortion can be eliminated by postgeometric correction.
The influences of variations of angle elements on image quality are shown in Fig. 11 (the variations are attached at the left of the distorted images). As we can see in Fig. 11(a) , the image is crooked in places where ϕ has big changes. Oversampling caused by changes of ω is shown in Fig. 11(b) , and the ground objects are stretched due to oversampling. Fig. 11(c) illustrates changes in the width of a wall and a roof caused by sudden changes of κ. The wall is thinned due to missing samples at one end and widened because of oversampling at the other end; the same is true for the roof.
To further investigate the influences of flight and give advice on imaging control, we statistically analyzed the changes in EOP between scanlines and conducted quantitative calculation using (3). According to (3) , d x and d y are positively related to y, thus we use the maximum value of y in the quantitative analysis. In other words, let w = y max = ccdsize/2, then we will get:
In our experimental dataset, w is 39 mm, and α is −14.2, 0, and 28.4 • for backward, nadir, and forward views, respectively. The maximum error (Maxer.) and standard deviation (Stdev.) of variations of EOPs between scanlines and their corresponding influences on image quality are shown in Table 2 and Table 3 , respectively.
It can be seen that the variations of line elements are small and uniform, leading to small distortion on the image VOLUME 7, 2019 (maximum 0.24 and 0.01 pixels for Maxer. and Stdev., respectively), which is the same as we mentioned before. On the contrary, angle elements vary dramatically, especially in the forward and backward views. The maximum distortion caused by changes of angle elements is nearly 2 and 0.4 pixels for Maxer. and Stdev., respectively. In other words, variation of angle elements is the main factor affecting image quality, thus it needs to be restricted in order to obtain highquality images. If the maximum allowed standard deviation of distortion is set, then the tolerable standard deviation of angle elements can be estimated using (8) and used for image control. In our experiment dataset, if the maximum allowed standard deviation of distortion is 0.1 pixels, then the tolerable standard deviations are 1.426, 1.655, and 3.024 seconds for dϕ, dω, and dκ, respectively.
B. INFLUENCE OF TERRAIN VARIATIONS
The influence of terrain is shown in Fig. 12 . Due to variations in elevation and slope, the cliff in the red rectangle has different shape, location and texture on different views. Distortion of the cliff is relatively large, and it is even a little difficult for us to recognize it as the same object on the backward and forward view images. The length of the ridge of a mountain in the yellow rectangle is compressed. Obviously, distortion resulting from terrain variations will affect further image processing, for example, image matching, mapping and surveying. Thus, it is necessary to make an appropriate imaging control plan according to the actual terrain.
The same focal length can usually be maintained throughout one practical flight, thus the relationship between GSD andH can be estimated prior by (5) . For designed GSDs from 0.2 to 0.4 meters, the corresponding appropriate minimum average flight height for the sensor used in our experiment is shown in Table 4 . If the acceptable maximum distortion caused by terrain elevation variation is known, we can also use (5) to calculate the corresponding tolerable maximum variation of terrain. Table 5 illustrates the tolerable maximum variety of terrain elevation when the acceptable maximum distortion is set to 0.2 times GSD. Then we can obtain the appropriate average flight height for the survey area with known variation of terrain elevation according to Table 4 and  Table 5 . For example, if the variation of elevation of the survey area is 500.0 meters, the designed GSD is 0.2 meters and the acceptable maximum distortion is 0.2 times GSD, then the minimum appropriate average flight height is 1839.822 meters (1929.231 − (678.818 − 500.0)/2).
Moreover, if the maximum percentage of compression is known, we can use (7) to estimate image quality change in advance according to the slope variations of the survey area and provide guidance for further image processing. On the other hand, (7) can also be used to calculate the appropriate scanning angle and support for designing the flight plan, when the maximum percentage of compression and slope change of terrain are known.
IV. CONCLUSION
Airborne digital line scanner aerial photogrammetry systems, such as ADS40 and ADS80, have been widely used in geospatial imaging for their superiority in acquiring data on the comprehensive information of terrain [12] - [15] . Researchers have focused mainly on the post-processing of ADS images (image matching, bundle adjustment) but pay little attention to the factors affecting the image quality. In this paper, we conducted qualitative and quantitative analysis on the factors affecting ADS imaging quality.
The influence of flight status (including variations in velocity and attitude) on image quality was first analyzed. The changes of velocity mainly affect the line elements, and the changes of attitude mainly influence angle elements. The variations of velocity in the main direction of flight will cause oversampling or missing samples, whereas variations in the other two directions can result in changes of coverage area and ground sampling distance. In addition, variations of attitude will cause relatively complex distortion on images, which is related to the focal length, the angle of view, and the distance between the image point and the scanline center. Furthermore, we investigated the quantitative relationship between the variations of EOPs and their corresponding image distortions, and offered appropriate advice for imaging control and flight plan design.
Considering that the quality of ADS images is significantly affected by terrain, we then investigated the influence of changes of terrain height and slope through theoretical analysis and practical data. We demonstrated through a real example how to calculate the appropriate average flight height according to variations of terrain height. At the same time, the quantitative relationship among slope, scanning angle, and ground resolution is described, which is useful for designing the flight plan. 
